MC6Li6 (M = Li, Na and K): A New Series of Aromatic Superalkalis by Srivastava, Ambrish Kumar
1 
 
MC6Li6 (M = Li, Na and K): A New Series of Aromatic 
Superalkalis 
Ambrish Kumar Srivastava
 
Department of Physics, Deen Dayal Upadhyaya Gorakhpur University, Civil Lines, 
Gorakhpur 273009, India 
E-mail: ambrishphysics@gmail.com;  aks.ddugu@gmail.com   
  
2 
 
Abstract 
Organic superalkalis are carbon-based species possessing lower ionization energy than 
alkali atom. In the quest for new organic superalkalis, we study the MC6Li6 (M = Li, Na, and 
K) complexes and their cations by decorating hexalithiobenzene with an alkali atom using 
density functional theory. All MC6Li6 complexes are planar and stable against dissociation 
into M + C6Li6 fragments, irrespective of their charge. These complexes are stabilized by 
charge transfer from M to C6Li6, although the back-donation of charges tends to destabilize 
neutral species. Furthermore, their degree of aromaticity increases monotonically from M = 
Li to K, unlike MC6Li6
+
 cations, which are not aromatic as suggested by their NICS values. 
The adiabatic ionization energies of MC6Li6 (3.08-3.22 eV) and vertical electron affinities of 
MC6Li6
+ 
(3.04-3.15 eV) suggest that MC6Li6 species form a new series of aromatic 
superalkalis. The variation of the ionization energy of MC6Li6 is found to be in accordance 
with the NICS values of MC6Li6
+
. The superalkali nature of MC6Li6 and its relation with 
NICS values are explained on the basis of the positive charge delocalization. We believe that 
these species will not only enrich the aromatic superalkalis but also their possible 
applications will be explored. 
Keywords: Hexalithiobenzene; Alkali metal; Superalkalis; Aromaticity; DFT calculations.   
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1. Introduction 
Hexalithiobenzene (C6Li6) is an organo-metallic analogue of benzene, a prototype 
aromatic hydrocarbon. Shimp et al. [1] synthesized C6Li6 molecule in 1978, which was 
isolated by Baran et al. [2] in 1992. It has a beautiful star-like structure complemented by the 
binding of Li to carbon skeletons, which has attracted the attention of several groups [3-6]. 
Moreno et al. [7], however, described the lowest-energy structure as three C2
2−
 fragments 
strongly aggregated through lithium bridges. Apart from its interesting structural features, the 
C6Li6 molecule has been employed for several applications. For instance, Raptis et al. [8] 
recognized the exceptionally high second-order hyperpolarizability of C6Li6, which is 
responsible for the third harmonic generation. Furthermore, the applications of C6Li6 in 
hydrogen storage [9, 10] and CO2-storage [11] have been reported. In a recent study, the low 
ionization energy (IE) feature of C6Li6 has been highlighted [12] and it was noticed that the 
vertical IE of C6Li6 (4.48 eV) is lower than the IE of Li atom (5.39 eV) [13]. 
The species, having lower IE than an alkali atom, are referred to as superalkalis [14]. 
According to Gutsev and Boldyrev [14], the typical superalkalis belong to the formula of 
XMk+1,
 
where k is the nominal valence of electronegative core X and M is an alkali metal. 
These species are very interesting not only due to their unusual structures but also due to the 
distinguished properties of their compounds. Due to their lower IE, superalkalis possess 
strong reducing properties and can reduce CO2, NO, NO2, etc. [15-18]. Nevertheless, 
superalkalis can form a variety of charge transfer compounds including supersalts [19-22], 
superbases [23-25], alkalides [26-28], etc. The superalkali behaviour is not only confined to 
inorganic species. There exist some organic superalkalis as well including CO3Li3
+
 
superalkali cation [29], polynuclear superalkali cations based on alkali-monocyclic (pseudo)-
oxocarbon [30], superalkali cations based on C4H24‾ and C5H5‾ aromatic anions [31]. These 
all species are organo-metallic due to the presence of alkali atoms. Superalkalis can also be 
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designed without alkali atoms. Hou et al. [32] proposed C2H9
+
 as the first non-metallic 
organic superalkali cation. Subsequently, other non-metallic organic superalkali cations such 
as C5NH6
+
 and P7R4
+ 
[R = Me, CH2Me, CH(Me)2 and C(Me)3] have been reported by Zhao et 
al. [15] and Giri et al. [33], respectively. Recently, we have reported CxH4x+1
+
 species (x =1-
5) as a series of non-metallic organic superalkali cations [34]. Although much progress has 
been made in this field [35], superalkalis have been a subject of continuous investigations due 
to their ever-expanding applications. In this paper, we report a new class of organic, planar 
and aromatic superalkalis MC6Li6 by the interaction of alkali atom M with C6Li6 for M = Li, 
Na and K using density functional theory (DFT) based method. 
2. Computational details 
All DFT calculations in this study were performed at the B3LYP method [36, 37] 
using a 6-311++G(d) basis set in Gaussian 09 program [38]. This scheme has been already 
employed in our previous study on C6Li6 [12]. The geometry optimization was carried out 
without any symmetry constraints and followed by frequency calculations to ensure that the 
optimized structures correspond to true minima in the potential energy surface. The binding 
energies (Eb’s) of neutral and cationic MC6Li6 complexes are calculated as below: 
Eb = E[M
0,+
] + E[C6Li6] − E[MC6Li6
0,+
] 
where E[..] represents the total electronic energy including zero-point correction and 
superscripts indicate the charge of respective species. The adiabatic ionization energy (IEa) of 
MC6Li6 is calculated by the difference of total energy of equilibrium neutral and cationic 
structures. The vertical electron affinity (EAv) of MC6Li6
+
 is obtained by difference of total 
energy of equilibrium cation and single-point energy of corresponding neutral at the 
equilibrium geometry of cation:  
IEa = Ecation[MC6Li6
+
 ] − Eneutral[MC6Li6] 
EAv = Ecation[MC6Li6
+
 ] − Eneutral[MC6Li6
+
] 
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3. Results and discussion 
The structure of the planar C6Li6 is displayed in Fig. 1. The ring bond lengths (dC-C) of 
C6Li6 are 1.420 Å and C-Li bond lengths (dC-Li) are 1.914 Å as listed in Table 1. The 
equilibrium structures of MC6Li6 complexes (M = Li, Na and K) are shown in Fig. 2. One can 
see that M interacts with the C6Li6 ring such that the ring remains almost planar with the ring-
distortion angle of less than 0.05
0
. The distances between the center of the ring and M (dring-M) 
increase from 1.605 Å for M = Li to 2.645 Å for M = K. The dC-C and dC-Li of MC6Li6 lie in 
the range 1.424-1.432 Å and 1.932-1.945 Å, respectively. Thus, there is only a marginal 
change (< 0.05 Å) in dC-C and dC-Li of MC6Li6 as compared to those of C6Li6. Fig. 2 also 
displays the equilibrium structures of MC6Li6
+
 cations. Like their neutral counterparts, the 
ring-distortion is almost negligible (< 0.03
0
) such that the ring remains planar and bond-
lengths (dC-C) range 1.430-1.437 Å. However, Li atoms in MC6Li6
+
, unlike MC6Li6, go 
slightly out-of-plane as clearly visible in the side-view of Fig. 2. The bond-length dC-Li of the 
cation is slightly increased as compared to MC6Li6, except for M = Li. On the contrary, the 
dring-M of MC6Li6
+
 is slightly decreased as compared to their neutral species for M = Na and K 
but not for M = Li. 
C6Li6 is a lithiated analogue of benzene, a prototype aromatic molecule. However, the 
degree of aromaticity of C6Li6 is reduced as compared to benzene due to Li-substitution, i.e., 
σ-electron contribution [12]. Therefore, it is interesting to observe the aromaticity of MC6Li6, 
which is quantified by calculating the nucleus independent chemical shift (NICS) at the 
center of the ring. NICS is the most popular criterion of aromaticity [39, 40], based on the 
ring current due to the induced magnetic field. NICSzz, a component of NICS along the 
direction perpendicular to the ring-plane, measures the contribution of π-electrons in the ring 
current. The positive value of NICS indicates anti-aromaticity whereas negative values 
advocate aromaticity. Although the NICSzz value of C6Li6 is -25.11 ppm, its NICS value is 
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only -3.38 ppm. The negative NICS value increases monotonically in the case of MC6Li6, 
ranging between -3.97 ppm for M = Li and -5.00 ppm M = K. However, the NICSzz value of 
MC6Li6 varies between -23.65 ppm and -27.52 ppm. The larger (negative) NICS values of 
MC6Li6 as compared to C6Li6 may suggest an increase in the degree of aromaticity. To 
compare, the NICS and NICSzz values of aromatic benzene are -8.05 ppm and -14.49 ppm, 
respectively at the same level. To explain this, we have plotted electron localization function 
(ELF) maps of MC6Li6 in Fig. 3. The increase in aromaticity is evidently due to the increase 
in the delocalization of π-electron density in the ring. It is also interesting to note that the 
magnitude of NICS is significantly reduced in the case of MC6Li6
+
. For instance, it becomes -
1.21 ppm for M = K and even positive (+0.55 ppm) for M = Na. This is due to the 
contribution of σ-electrons, which supports paratropic ring currents and reduces the 
aromaticity significantly. In the discussion below, we will show that the NICS values of 
MC6Li6
+
 are closely related to the superalkali behavior of MC6Li6 species. 
The stability of neutral and cationic MC6Li6 complexes has been verified by 
calculating their binding energy (Eb) against dissociation into M + C6Li6 and M
+
 + C6Li6 
fragments, respectively. The calculated Eb values are found to be positive as listed in Table 1 
and hence, all MC6Li6 complexes are stable. Furthermore, MC6Li6
+
 cations are relatively 
more stable than their neutral counterparts due to higher Eb values. However, the stability of 
MC6Li6
+
 cations decreases from M = Li to K due to the increase in their distance from the 
ring (see Table 1). Since MC6Li6 complexes are stabilized by the charge-transfer between M 
atom and C6Li6 moiety. Therefore, Eb measures the strength of this charge-transfer 
interaction. We will later show that there is some back-donation of charges, which will 
eventually explain the trend of Eb values. 
The superalkali behavior of MC6Li6 complexes has been explored by their IEa values 
and EAv of corresponding cations. EAv of cations is equivalent to IEa of their neutral 
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counterparts, except the fact that the former does not account for geometric relaxation. One 
can note that IEa of MC6Li6 lies in the range 3.08-3.22 eV whereas EAv of MC6Li6
+
 ranges 
3.04-3.15 eV. Evidently, these values are small as compared to the IE of alkali metal, whose 
maximal value is limited to 5.39 eV for Li [13]. Therefore, MC6Li6 complexes behave as 
superalkalis. In a previous study, the vertical IE of C6Li6 is reported to be 4.48 eV [12], 
which is smaller than the IE of Na (5.14 eV) and even comparable to that of K (4.34 eV). 
Therefore, the charge transfer takes place from C6Li6 to Li in the LiC6Li6 complex. On the 
contrary, the charge is transferred from Na and K to C6Li6 in NaC6Li6 and KC6Li6 complexes, 
respectively. In addition, there is a back-donation of charges from C6Li6 to Na and K. This is 
reflected in the highest occupied molecular orbitals (HOMOs) of MC6Li6 complexes plotted 
in Fig. 4. One can see that the HOMO of LiC6Li6 is contributed by peripheral Li atoms of 
C6Li6 moiety. The HOMOs of NaC6Li6 and KC6Li6 are mainly composed of Na and K atoms, 
respectively with some contribution from Li atoms. The NBO charges, listed in Table 2, also 
support the back-donation of charges. For instance, the charge on M (QM) in MC6Li6 
complexes is +0.60e for M = Li, which is significantly reduced to +0.28e and +0.46e for M = 
Na and K, respectively. This back-donation of charges tends to destabilize the MC6Li6 
complexes (M = Na and K), decreasing their binding energies as compared to LiC6Li6 (see 
Table 1). 
Although all MC6Li6 complexes belong to the class of superalkalis, the IEa of NaC6Li6 
is larger than that of LiC6Li6. The trend of IEa values can be explained on the basis of NBO 
charge distribution on MC6Li6 complexes and MC6Li6
+
 cations (as listed in Table 2). Note 
that traditional superalkalis employ a central (electronegative) atom attached with 
electropositive ligands and their low IE results due to an increase in the charge delocalization 
over electropositive ligands. One can see that the charges on C atoms (QC) in MC6Li6 and 
MC6Li6
+
 differ only slightly. In LiC6Li6
+
, the positive charge is almost equally distributed 
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over all Li atoms. In the case of NaC6Li6
+
, most of the positive charge (58%) is localized on 
Na atom as QNa increases to +0.86e from +0.28e, which results in higher IEa of NaC6Li6 
complex. For KC6Li6
+
, the localization of positive charge decreases to 43%, which tends to 
reduce the IEa of KC6Li6. Thus, the lower IEa of KC6Li6 results due to an increase in the 
delocalization of positive charges over Li atoms. 
Having established that MC6Li6 complexes are aromatic and they behave as 
superalkalis, we might be interested in whether there exists any relation between NICS and 
IEa values of these species. In Fig. 5, we have plotted the NICS of MC6Li6
+
 and IEa of 
MC6Li6 complexes (or equivalently EAv of MC6Li6
+
, see Table 2). We notice that the 
variation of NICS follows the same trend as that of IEa. This can be expected due to the fact 
that lower IEa results due to the delocalization of charges, which supports diatropic current 
and results in negative NICS values. On the contrary, the localization of charge causes the 
increase in IEa, which leads to positive NICS value (as in the case of NaC6Li6). Thus, both 
these properties are associated with the delocalization of electrons (charges) and 
consequently, seem to be related to each other.   
4. Conclusions 
Using a density functional approach, we have studied the interaction of an alkali atom 
(M) with C6Li6 for M = Li, Na, and K. The resulting MC6Li6 complexes have been explored 
in their neutral as well as cationic forms. We have noticed both neutral and cationic MC6Li6 
structures resemble each other. In addition to the charge transfer from M to C6Li6, there is a 
back-donation of charges in neutral species. This tends to destabilize neutral species, which is 
reflected in their lower binding energies as compared to their cations.  The NICS values and 
ELF maps suggest that the degree of aromaticity of MC6Li6 increases monotonically from M 
= Li to K, unlike MC6Li6
+
 cations, which are not aromatic. The IEa of MC6Li6 (3.08-3.22 eV) 
and EAv of MC6Li6
+ 
(3.04-3.15 eV) are small enough to suggest the superalkali nature of 
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MC6Li6 species. We have also noticed that the variation of IEa of MC6Li6 is consistent with 
that of NICS values of MC6Li6
+
. This surprising relation can be explained on the basis of the 
fact that both superalkali property and aromaticity are associated with the delocalization of 
charges. We believe that these findings will get further attention from the researchers 
worldwide. Further applications of these aromatic superalkalis are in progress in our lab and 
shall be reported shortly. 
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Table 1. B3LYP/6-311+G(d) calculated structural parameters, NICS and NICSzz of neutral 
and cationic MC6Li6 complexes for M = Li, Na and K.  
M MC6Li6 MC6Li6
+ 
dC-C          dC-Li             dring-M NICS  NICSzz  dC-C          dC-Li             dring-M NICS NICSzz 
Å Å Å ppm ppm Å Å Å ppm ppm 
Li 1.432 1.945 1.605 -3.97 -23.65 1.437 1.943 1.607 -1.77 -18.85 
Na 1.426 1.932 2.257 -4.20 -25.47 1.433 1.939 2.154 +0.55 -20.70 
K 1.424 1.933 2.645 -5.00 -27.52 1.430 1.936 2.505 -1.21 -22.68 
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Table 2. B3LYP/6-311+G(d) calculated NBO charges and binding energy of neutral and 
cationic MC6Li6 complexes for M = Li, Na and K. The adiabatic ionization energy of MC6Li6 
and vertical electron affinity of MC6Li6
+
 are also listed. 
M MC6Li6 MC6Li6
+ 
QC QLi QM Eb IEa QC QLi QM Eb
 
EAv 
e e e eV eV e e e eV eV 
Li -0.65 +0.55 +0.60 1.82 3.14 -0.68 +0.72 +0.74 4.30 3.13 
Na -0.65 +0.60 +0.28 0.91 3.22 -0.69 +0.71 +0.86 3.11 3.15 
K -0.65 +0.57 +0.46 1.00 3.08 -0.68 +0.69 +0.91 2.41 3.04 
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Fig. 1. The equilibrium structure of C6Li6 obtained at B3LYP/6-311+G(d) level. 
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Fig. 2. The equilibrium structures of neutral and cationic MC6Li6 complexes for M = Li, Na 
and K obtained at B3LYP/6-311+G(d) level. Front and side views are displayed. 
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Fig. 3. The electron localization function (ELF) maps of MC6Li6 complexes for M = Li, Na 
and K. 
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Fig. 4. The highest occupied molecular orbital (HOMO) of MC6Li6 complexes for M = Li, Na 
and K. 
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Fig. 5. The variation of adiabatic ionization energy (IEa) of MC6Li6 complexes and nucleus 
independent chemical shift (NICS) of MC6Li6
+
 cations. 
 
 
 
 
